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Descriptive studies of phoronid development have concluded that the mesoderm of these animals originates from the
endoderm during gastrulation. This interpretation has been tested by labeling one blastomere of 4- through 16-cell embryos
and examining the position and germ layers occupied by the labeled clones of cells in the larva. No 2 injections gave rise
to identical clones of cells, suggesting that the cleavage program does not generate cells of unique identity and that cell fates
are established at later developmental time points. In many cases, a relatively large sector composed of ectodermal cells was
labeled. When these labeled cells were adjacent to the mouth or anus of the larva, muscle and mesenchyme cells originated
from the labeled clones. Under these circumstances, nerve cells also originated from these labeled sectors. These labeling
studies also showed that endodermal cells can give rise to mesodermal and neural cells. These results suggest that nerve and
muscle cells are induced to form at ectodermal–endodermal boundaries from both germ layers. These marking experiments
also confirmed the observation that nerve cells originate both from the apical organ and the trunk region and show for the
first time that the intestine originates by ingression of posterior ectoderm. © 2002 Elsevier Science (USA)
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The Phoronida is a small phylum of animals (ca. 15
extant species). There has been a modest amount of primar-
ily descriptive research on their development during the
last 130 years. One of the uncertain features of their
embryology involves the origins of the cells that make up
the mesodermal germ layer that is generated during gastru-
lation (Zimmer, 1991). Recent phylogenetic studies have
placed the Phoronida and other lophophorates in the lopho-
trochozoan superphylum with affinities to a group of phyla
displaying a conserved pattern of development known as
spiral cleavage (Halanych et al., 1995).
During development, phoronid eggs cleave to form a
hollow blastula. Gastrulation begins at the vegetal pole of
the embryo as a symmetrical invagination of the cell sheet
(Fig. 1A). As gastrulation proceeds, the embryo elongates
along what will become the anterior–posterior axis of the
future larva. The elongation of the embryo involves the
thinning and displacement of ectodermal cells along this
region (Ikeda, 1901; Hermann, 1986; Freeman, 1991). Dur-
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that is the site where the apical organ of the larva will form
moves from its position directly opposite the blastopore to
the future anterior end of the embryo (roughly 90 degrees
from the blastopore). As the embryo elongates, the forming
archenteron also elongates in an anterior–posterior direc-
tion as the blastopore elongates in the same direction (Fig.
1B). Subsequently, the blastopore forms a round opening
again as the external cells around the posterior region of the
blastopore move together to form a contiguous surface in a
posterior-to-anterior progression. While these events are
occurring, the posterior ventral floor of the archenteron
separates from the ectodermal covering of the embryo to
temporarily form a gut with a blind posterior end (Fig. 1C).
The descriptions of mesoderm formation in these em-
bryos are based on whole mounts of intact embryos (living
and fixed) or histological sections through embryos in the
process of gastrulation (Zimmer, 1964, 1991). All of these
studies make the point that mesodermal cells originate
from the endoderm after it has invaginated during gastru-
lation (Emig, 1977). The studies with the highest resolving
power (Selys-Longchamps, 1902; Brooks and Cowles, 1905;
Zimmer, 1964, 1980) are based on an analysis of serial
sections. They depict mesodermal cells forming by delami-
301
nation from the cell sheet and infer that mesenchymal cells
are actively moving into the blastocoel. They also make the
point that mesenchymal cells form at or near the blastopore
that separates the ectoderm from the endoderm. The bulk
of mesoderm formation takes place along the part of the
blastopore that faces the future anterior end of the larva.
Another active zone of mesoderm formation is along the
slit-like blastopore as the endoderm is converted into a
tube. Since this boundary is hard to define during gastrula-
tion, the possibility exists that mesoderm may form from
ectoderm or from both ectoderm and endoderm. Recently,
Malakhov and Temereva (1999) have described mesoderm
formation at the gut–intestine boundary of embryos well
after gastrulation is over. They state that an evagination of
cells forms at this site that becomes the coelom that will
surround the intestine. However, this description is only
documented in a drawing (their Fig. 1N) showing the
mesoderm after it has formed. In the final analysis, the
histological studies that have been done are not good
enough to convincingly delineate where the mesoderm is
originating. The only approach with the potential for estab-
lishing where the mesoderm originates involves fate-
mapping studies using marked cells in early cleavage-stage
embryos. This is the approach used here.
A preliminary fate map has been constructed for Phoronis
vancouverensis as part of a study that has mapped the
process of regional specification during embryogenesis
(Freeman, 1991). Figure 2 shows how the first four cleavages
occur during embryogenesis in this species, a gastrula and
an actinotroch larva. At each cleavage, the blastomeres
generated are essentially the same size. The first two
cleavages during embryogenesis occur at right angles to
each other, and the planes of the cleavages follow the
animal–vegetal axis of the egg. The third cleavage is equa-
torial, separating the animal from the vegetal half of the
embryo, while the fourth cleavage generates an animal and
vegetal tier; each is composed of eight cells. A mark placed
at the animal pole of the egg forms anterior ectoderm,
including the apical tuft of the larva, while a mark placed at
the vegetal pole forms endoderm; the area around it is the
site of gastrulation, and the blastopore that forms becomes
the mouth of the larva. When a mark is placed at the
equator of an eight-cell embryo, the mark ends up in a
subequatorial position in the ectoderm of the gastrulating
embryo that has not elongated. Coupled with the studies
where the poles of the embryo were marked, these experi-
ments indicate that the animal tier of the eight-cell embryo
normally forms only ectoderm, while the vegetal tier of
cells forms ectoderm, endoderm, and mesoderm. After one
blastomere of a two-cell embryo is filled with stain, the
progeny of the cell form a discrete sector of cells in the
gastrulae and larva (Freeman, 1991). The region that is
stained can have any orientation with reference to the
larva’s plane of bilateral symmetry; however, in the major-
ity of cases, either the anterior or the posterior half of the
FIG. 1. Lateral inside view (top row) and ventral external view
(bottom row) of different stages of gastrulation. (A) Early gastrula-
tion. (B) Midgastrulation; the embryo and blastopore have elon-
gated at the same time that the animal pole has moved anteriorly
with reference to the blastopore. (C) Late gastrulation; the blas-
topore is round again and there is a transient raphe. The dotted
lines show (m) mesodermal cells in the embryo, (ap) animal pole, (b)
blastopore, and (r) raphe.
FIG. 2. Cleavage stages, a gastrula, and an 8-day actintroch. This
figure also shows an outcome of labeling one blastomere of a 2-cell
embryo. (A–D) Lateral views of 2- to 16-cell embryos. In each case,
the animal pole where the polar bodies are located is up. The 2-cell
embryo has one of its blastomeres labeled. (E) Lateral view of the
inside of a gastrula. The animal pole is up. One-half of the embryo,
including both ectodermal and endodermal germ layers, is labeled.
(F) Left lateral view of an actinotroch. The dorsal side is up, the
anterior end of the preoral hood is to the left, and the posterior end
of the larva is to the right. Parts of the larva that are hidden from
view are indicated in dashed lines. Part of the external surface of
the preoral hood, its entire subumbrellar surface, and the dorsal
part of the gut are labeled. Label on the external surface is indicated
by diagonal lines, while label on internal surfaces is indicated by
dashed lines going in the opposite direction. This is a common
labeling pattern; others are shown in Freeman (1991).
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larva is stained (Fig. 2). These cells contain both animal and
vegetal domains, thus the labeled sectors are large and are
composed of both ectoderm and endoderm and are not
informative in assessing for the origin of mesoderm.
In the experiments described here, 1 blastomere was
filled with lineage tracer in 4-, 8-, or 16-cell-stage embryos,
and the embryos were reared until they had become larvae.
Blastomeres filled with tracer at later cleavage stages
formed smaller clones of labeled cells. In addition to the
labeled clones composed of both ectoderm and endoderm,
sectors formed that were composed only of ectoderm, and
in rare cases, only endoderm. The ability of a given clone to
form mesoderm was assayed by looking for labeled muscle
and mesenchyme cells. The mesodermal cells that give rise
to these cells are migratory and can end up some distance
from the rest of the labeled clone. Since labeled clones can
be different distances from an ectodermal–endodermal
boundary, one can examine the probability of forming
mesodermal cells at different distances from the boundary.
There are two ectodermal–endodermal boundaries in the
actinotroch larva: the mouth and anus. The preoral hood is
the most anterior region of the actinotroch larva. The
posterior side of the hood is referred to as the subumbrellar
surface and covers the vestibule leading up to the mouth,
which is located at the junction between the hood and the
trunk on the ventral side of the larva. While the mouth has
traditionally been considered as the boundary between the
ectoderm and endoderm, the possibility exists that the
endodermal domain extends beyond the mouth to include
part of the epithelium surrounding the mouth. These two
germ layers were initially part of the same contiguous sheet
of cells. During normal development, a nonspecific esterase
forms in the gut cells of P. vancouverensis; by 8 days of
development, the gut stains intensely and the stain extends
beyond the mouth to include part of the external epithe-
lium around it (Freeman, 1991). However, in a low-power
electron micrograph of this species at the same stage,
Lacalli (1990) shows (in his Fig. 5) that the gut cells, the
subumbrellar cells of the hood, and the ventral epithelial
cells contiguous with the mouth have different cytological
characteristics, suggesting that the mouth may be the
ectodermal–endodermal boundary. After gastrulation, the
gut extends posteriorly into the blastocoel of the larval
trunk. Between 5 and 6 days of development in P. vancou-
verensis (gastrulation occurs between the 3rd and 4th day of
development in this species), the gut makes contact with
the posterior ectoderm of the larva; at this junction, a group
of posterior cells forms that is referred to as the intestine.
The intestine then forms a hollow cylinder that connects
up to the gut anteriorly and subsequently forms an anal
opening with the posterior ectoderm, thereby generating a
through digestive tube. The intestine has traditionally been
identified as an endodermal derivative (Emig, 1977; Zim-
mer, 1991); however, because of the close opposition of the
gut and posterior ectoderm prior to the appearance of the
cells that will form the intestine, the possibility exists that
the intestine is an ectodermal derivative. This anal region
forms a well-defined ectodermal–endodermal boundary by
virtue of the fact that one tissue layer fuses with another. In
this paper, we will show that mesoderm normally forms at
the site of contact between ectodermal and endodermal
germ layers and that mesoderm normally arises from ecto-
dermal as well as endodermal germ layers.
MATERIALS AND METHODS
P. vancouverensis adults were collected during low tide at
British Camp in the San Juan Island National Historical Park.
Clumps of these animals were transported to lab where they were
maintained in running sea water. Individuals continued to produce
embryos over the next 6 weeks. Zimmer (1989) provides directions
for obtaining fertilized oocytes from the trunk coelom of these
animals and a time schedule for early development. Once oocytes
have been isolated from their parent, development begins; this
process is quite synchronous. After the oocytes were obtained, they
were washed in several changes of pasteurized Jamarin artificial sea
water (Jamarin Labs, Osaka, Japan) to dilute out bacteria and they
were reared at 13°C in this artificial sea water.
The eggs of P. vancouverensis are about 100 m in diameter. The
embryos were positioned in a groove scratched in the surface of a
35-mm plastic petri dish. Single blastomeres from 141 embryos at
the 4-, 8-, or 16-cell stage (Table 1) were pressure injected with a 1:1
mixture of 50 mg/ml 10,000 MW rhodamine-labeled dextran
(Fluoro-Ruby) and biotinylated dextran (Molecular Probes, Eugene,
OR) by using a Narishige hydraulic micromanipulator (Henry and
Martindale, 1998). The progress of injection was monitored with a
dissecting microscope equipped for epifluorescence. At the 8- and
16-cell stages, no attempt was made to identify the tier (animal or
vegetal) that the injected blastomere was in. After injection, each
case was reared separately. These cases were examined carefully
during the first 12 h after injection in order to identify cases where
the injection led to abnormalities, such as cell death. During each
experimental session, embryos were obtained from 1–4 adults. A
sample of untreated embryos from these adults was set aside as
controls. If less than 80% of these embryos developed normally, the
injected embryos in that experiment were discarded. At 3–4 days of
development, when the embryos were gastrulating, a sample of the
injected embryos was examined with a fluorescence microscope to
find out what region of a given embryo was labeled (Fig. 3). By 8
days of development, these larvae had two pair of tentacles and
TABLE 1
Germ Layer Labeling in Embryos Where One Cell Was Filled
at the 2- to 16-Cell Stages
Stage Ectoderm
Ectoderm
&
Endoderm Endoderm
2-cella 7 (22) 25 0
4-cell 8 (40) 12 0
8-cell 16 (50) 15 1
16-cell 29 (51) 27 1
Note. Number of cases (%).
a See Freeman, 1991.
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were actively swimming. At this point, the larvae were narcotized
(Zimmer, 1989) and fixed in 2.5% paraformaldehyde in sea water at
5°C overnight. The biotinylated dextran in labeled clones was
visualized by streptavidin–HRP and diaminobenzidine (DAB) stain-
ing. Following fixation, individual larvae were washed three times
in PBS with 0.1% Triton X-100 and treated with peroxidase-
conjugated streptavidin (Jackson ImmunoResearch Labs) diluted
1/500 with PBS–Triton for about 3 h at room temperature. Each
larva was then washed several times in PBS–Triton to remove the
unbound peroxidase, and the DAB (Sigma) reaction was monitored
for the deposition of reaction product (ca. 5 min) with a dissecting
microscope. The DAB reaction was terminated by washing the
larvae several times in PBS–Triton. The larvae were then stored in
PBS–Glycerol in the cold until the staining pattern could be
evaluated with a compound microscope. Many of these cases were
ultimately dehydrated and cleared in benzyl benzoate and benzyl
alcohol (2:1) so that staining could be visualized in greater detail.
The full complement of muscle cells were visualized in these
larvae by fixing them in 4% paraformaldehyde in sea water after
narcotization and staining filamentous actin with Bodipy-
phallacidin (Molecular Probes).
RESULTS
Anatomy of the Actinotroch with Two Pair of
Tentacles
The 8- to 9-day P. vancouverensis actinotroch larva has
developed to the point where it has just acquired the
capacity to feed. In order to evaluate the staining patterns
seen in this larva, one has to understand its anatomy and be
able to identify the cell types that are present.
The most anterior region of the larva is the preoral hood
or protosome (Fig. 4). The hood is capable of bending; it
contains two sets of muscles: a circular set that goes around
the margin of the hood and a set of radial muscles that
extend from the hood margin toward the hood apex. Lacalli
(1990) shows electron micrographs of these muscles for
8-day P. vancouverensis in his Fig. 22; these muscles can
also be visualized by using F-actin staining in whole
mounts (Fig. 5). The nucleus of each radial muscle cell is
located near the hood margin. There are also mesenchymal
cells in the hood (Lacalli, 1990, Fig. 21). Both the muscle
and the mesenchymal cells are separated from the external
epithelial cells by a basement membrane. Muscle cells can
be distinguished from mesenchymal cells because of their
size (they are much larger) and shape (they are much
longer). Labeled muscle cells tend to be found in groups,
FIG. 3. (A, B) Transmitted and fluorescence micrographs of a
gastrula where one of the blastomeres was labeled at the 16-cell
stage. The blastomere injected was probably in the animal tier. The
arrows in (A) and (B) point to the blastopore. (B) The label is in an
ectodermal sector adjacent to the blastopore. Both photos of the
embryo are at the same magnification and the embryo is oriented
the same way. (C, D) Larva of the same embryo stained for
horseradish peroxidase. (C) A left lateral view of the larva. Ectoder-
mal stain (ect) extends from the apical organ (ao) down the left side
of the preoral hood. It then moves ventral laterally passing close to
the mouth (m) down the left lateral tentacle ridge, terminating in
the two tentacles on the left side. There is a trunk nerve (tn) that
probably originated near the mouth that is labeled. (D) A right
lateral oblique view of the larva. An apical organ nerve (aon)
extends along the right side of the margin of the preoral hood into
the trunk where it innervates the tentacles on the right side (raon).
All photographs are at the same magnification; the bar indicates
50 m.
FIG. 4. Ventral view of a larva with the subumbrellar surface of the preoral hood exposed showing the distribution of major muscles, areas
with a high concentration of mesenchymal cells, nerve cell bodies, and processes. The gut and intestine are indicated by dashed lines. The
different regions of the larva are identified on the left. The color code is explained on the right. The edge of the preoral hood has a circular
(cm) and a radial (rm) muscle. The collar region has a set of muscles that terminate in the dorsal region of the hood (cdm). The trunk has
muscles between the body wall and gut (bwm) and muscles associated with the tentacles (tm). Mesenchymal cells are found throughout
the body cavity; however, they are especially prevalent at this stage in the tentacles and around the intestine (im). The major nerve center
is the apical organ (ao) on the external surface of the preoral hood. There are also other nerve cell bodies in the external epithelium of the
oral hood around the apical organ. Nerve cell processes from the apical organ form rings around the periphery of the hood. These are the
primary (pm) and accessory (ac) nerves. Branches of these nerves innervate the trunk (act). There are also nerve centers with their own cell
bodies that appear to be independent of the apical organ. These include the mouth nerve (mn), the anal nerve (an), and the trunk nerve (tn).
FIG. 5. Confocal fluorescence images of phalacidin-stained muscle in an actinotroch larva with two pair of tentacles. (A) Left lateral view.
(B) Ventral view. The preoral hood has circular (cm) and radial (rm) muscles at the hood margin. There are muscles (cdm) in the collar region
that move the hood and circumoral muscles (com) around the mouth. The intestine has invaginated from the posterior surface to meet the
gut (gt). Note the differences in the sizes of the actin staining junctional complexes along the anterior borders of the t1 and t2 tentacles
(arrowheads). Both photographs are at the same magnification (bar is 50 m).
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while labeled mesenchyme cells are widely scattered. The
hood also contains the apical organ, which is the largest
nerve center of the larva. Nerve cells bodies are found in the
apical organ and the surrounding apical epithelium. Subsets
of these nerve cells contain catecholamines, serotonin, and
FMRFamide (Hay-Schmidt, 1990). Nerve cell processes ex-
tend from their cell bodies to the margins of the hood.
These nerve cell processes are always on the epithelial side
of the basement membrane. At the margins of the oral
hood, the nerve cell processes form the thicker primary and
the thinner accessory hood nerves (Lacalli, 1990; Hay-
Schmidt, 1990). Nerve cells can be distinguished from
muscle and mesenchymal cells because of their position
(they are not in groups like labeled muscle cells and their
processes follow the contours of the external epithelium)
coupled with the fact that their processes are much longer
and thinner and run along defined tracts through the larva
(Fig. 4)
The preoral hood is connected posteriorly to the collar or
mesosome. The cross-sectional area of the collar region is
small compared with the rest of the larva. The dorsal side of
the collar has a number of muscle fibers that project into
the preoral hood (Figs. 4 and 5), where they presumably
function in raising the hood (Zimmer, 1964; Santagata and
Zimmer, 2002). Nerve processes pass through the collar
that connect the preoral hood to the posterior region of the
larva. The mouth emerges from the anterior ventral region
of the collar. There is a valve at the junction between the
mouth and the gut (Lacalli, 1990). FMRFamide-positive
nerve processes form a ring in the epithelium around the
mouth (Hay-Schmidt, 1990).
The posterior end of the collar is defined as the most
anterior site where the tentacle ridge is present; it defines
the beginning of the trunk, or metasome. The tentacular
ridge initially forms on the dorsal side of the embryo. It
divides into two arms, and each arm extends in a posterior
ventral direction down opposite sides of the trunk of the
developing larva. The ridges consist of a domain of colum-
nar cells (Fig. 5). The tentacles of the larva form as evagi-
nations of the ridge and are added throughout larval life.
The cells of the tentacles become even more elongated; as a
consequence, the ciliary density is higher in this part of the
larva. The tentacle ridges and tentacles are innervated with
nerve cell processes. Some of these nerve cell processes
originate from nerve cell bodies in the preoral hood (Lacalli,
1990; Hay-Schmidt, 1990). Other nerves that innervate the
tentacles appear to originate locally. Evidence for the local
origin of nerve cells is based on Hay-Schmidt’s (1990)
observation that catecholamine containing nerve cell pro-
cesses appear in the tentacle ridge before there is any
possible connection with nerve cell processes from the
preoral hood. There is also ultrastructural evidence for
sensory cells in the epithelium of the tentacle (Lacalli,
1990); presumably, these cells originated locally. There are
mesenchymal (Lacalli, 1990) and muscle cells present in the
tentacles of 8-day larvae (Figs. 5A and 5B), as there are in
actinotroch larvae of other species (Santagata and Zimmer,
2002). Another ectodermal differentiation involves the for-
mation of the nephridial pit during late gastrulation from
the ventral posterior region of the embryo. By 8 days of
development, the pit has bifurcated to form a pair of
nephridial ducts with solenocytes capping each internal
end.
The digestive system consists of the gut and the intes-
tine; there is a valve between these two structures (Zim-
mer, 1964). The posterior region of the intestine connects
up with the external epithelium to form an anus that is
surrounded by a ring of perianal cilia. There is also a local
ring of nerve cells at this site (Hay-Schmidt, 1990). While
the gut of the larva is esterase-positive, the intestine is not,
suggesting that these two regions of the digestive tract are
made up of different cell types. The trunk region of pho-
ronid larvae at later stages of development has a complex of
circular and longitudinal muscles associated with the body
wall (Santagata and Zimmer, 2002). In the 8-day P. vancou-
verensis actinotroch, these muscles are only beginning to
develop (Fig. 5B). Circular muscles are forming between the
ventral body wall and the gut. In addition, there are mes-
enchymal cells in the body cavity that make up the coelom
associated with the intestine and other cells that will
eventually differentiate as muscle during larval develop-
ment.
Distribution of Labeled Cells in Embryos Marked
at the 4-, 8-, or 16-Cell Stages
Table 1 indicates the number of embryos with labeled
ectodermal and/or endodermal germ layers after 1 blas-
tomere was filled at the 4-, 8-, or 16-cell stages. It also
includes the data from Freeman (1991), where one blas-
tomere was filled with fluorescein-labeled dextran at the
2-cell stage. There are a number of embryos at the 2- and
4-cell stages where only the ectodermal germ layer was
labeled, even though all the blastomeres at these 2 cleav-
ages inherit presumptive endodermal (vegetal) domains.
Experiments where blastomeres were isolated from 2- and
4-cell embryos, including studies where both blastomeres
were reared from 2-cell embryos, and both formed normal
larvae, indicate that all blastomeres of the 2- and 4-cell
embryos have the potential to form endoderm (Zimmer,
1964, Freeman, 1991). Under normal circumstances, this
potential may not always be exhibited. Presumably, there
are interactions under some circumstances between blas-
tomeres during early embryogenesis that prevent certain
blastomeres from forming endoderm. From the 8-cell stage
on, animal and vegetal tiers of blastomeres are present. On
the basis of the existing fate map, one would expect the
animal tier of blastomeres to have only the ability to form
ectoderm. If animal and vegetal halves of 8-cell embryos are
isolated, the animal hemisphere forms only a ciliated epi-
thelial mass, while in most cases, the vegetal half gastru-
lates and forms a normal actinotroch (Freeman, 1991). If
there is no selection for the tiers of cells being filled at the
8- and 16-cell stages, one would expect an increase in the
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percentage of fills that only label a sector of ectoderm
compared with the 4-cell stage; this is in fact what happens.
In the 8- and 16-cell embryos, labeled sectors that consist
only of endodermal cells appear for the first time; however,
the clones from many labeled blastomeres give rise to
variable numbers of cells from 2 or 3 germ layers.
There are 19 cases distributed among embryos injected at
the 4-, 8-, and 16-cell stages where we have a record of the
stained sector in the gastrula and the HRP-labeled region of
the same animal as a larva. In every case, there was a one to
one correspondence between the stained areas in the gas-
trula and larva. For example (see Fig. 3), if a sector of
ectoderm near the blastopore was stained in the gastrula,
only a sector of ectoderm was stained in the larva, and part
of this ectodermal domain was near the mouth, which is
derived from the blastopore. These cases include 4-cell
embryos where 1 blastomere was injected, and only an
ectodermal sector was labeled in the gastrula.
The Conditions Under Which Marked Nerve and
Mesodermal Cells Form When Only Ectodermal
Cells Are Labeled
There were three cases where label was only present in
the external epithelium of the preoral hood (Fig. 6A). In
these cases, the labeled region contained at least a part of
the apical organ. In every case, one or both of the nerve cell
tracts that extend into the trunk and terminate in the
tentacles was labeled (Fig. 7A). In two of these cases, the
labeled ectoderm extended all of the way to the edge of the
hood. In the remaining case, the edge of the hood was not
obscured and one could see the labeled nerve cell process
extending from the apical organ around the right half of the
periphery of the hood (Fig. 7B). In these cases, none of the
other nerve cell bodies or mesodermal cells in the hood
were labeled.
In addition to these cases, there were five cases where a
part of the external epithelium of the oral hood was labeled,
but this region did not include the apical organ. The labeled
regions included either part of the external dorsal region of
the hood or part of the external edge of the hood. In
addition, the dorsal part of the collar and the dorsolateral
region of the trunk was also labeled in these larvae. Under
these labeling conditions, there were no labeled nerve or
mesodermal cells. These controls indicate that no meso-
derm or nerve cells are generated from ectoderm at sites
distant from the blastopore and posterior gut.
There were 19 cases where a sector of ectoderm was
labeled in the region, including the trunk from the tentacles
up to the anterior end of the collar, and the subumbrellar
surface of the preoral hood (Fig. 6B). These cases can be
further subdivided into those where the labeled ectoderm is
adjacent to the mouth (9 cases) and those where it is some
distance from the mouth (10 cases). In 8 of the cases where
the edge of the labeled ectodermal sector is close to the
mouth (within 25 m), labeled muscle cells were present,
and in 7 of these cases, labeled nerve cells were also present.
In the single case where these cell types were not seen,
almost the entire subumbrellar region was labeled; as a
consequence, it was not possible to pick out labeled muscle
and nerve cells in the preoral hood if they were present
because they would be masked. The labeled muscle cells
were either associated with the preoral hood or the ventral
body wall and gut. Figure 7C shows a case where the labeled
ectodermal sector runs up the right ventral–lateral region of
the trunk from one of the tentacles and terminates just
before the mouth. Within the preoral hood, the circular and
radial muscles are labeled on the right side. The nerve ring
around the mouth is labeled (not shown) and nerve cell
bodies not associated with the apical organ send processes
into the trunk. In 6 of 10 cases where the edge of the labeled
FIG. 6. Regions of the larva where sectors of labeled ectodermal or
endodermal cells resided that were used for examining the origins
of mesodermal and nerve cells. In each case, the region considered
is marked by diagonal lines. (A, C, D) Lateral views of the
actinotroch. (B) A ventral view of the larva with the preoral hood
reflected to show its subumbrellar surface. (A) The external epithe-
lium of the preoral hood. (B) The trunk from the tentacles to the
collar, the collar and the subumbrellar surface of the preoral hood.
The dorsal sides of the trunk and the collar are also in this region.
(C) The posterior epithelium of the larva. (D) The gut.
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ectodermal sector was 25–50 m from the mouth, labeled
nerve cells were seen; however, there were no labeled
mesodermal cells. These nerve cells were located in the
hood, or in the trunk. Figure 7D shows a case where the
labeled ectodermal sector runs up the midventral region of
the trunk from between the central tentacles to the base of
the collar and terminates on the right side of the subum-
brellar region anterior to the mouth. There are labeled nerve
cells around the periphery of the preoral hood and in the
trunk. In the 4 cases where nerve cells were not present, the
labeled ectodermal sector was confined to the trunk.
There were six cases where the labeled ectodermal sector
was posterior to the tentacles (Fig. 6C). In one of these
cases, the intestine was not labeled, but the ectoderm
immediately adjacent to it was. In the other five cases, the
entire intestine was labeled or part of the intestine was
labeled and there were contiguous labeled ectodermal cells
on the surface of the larva. Figure 7E shows a case where the
posterior ectoderm on one side of the intestine and part of
the intestine are labeled. There are labeled mesodermal
cells in each of the tentacles and the trunk and a labeled
nerve cell process that crosses the gut from left to right.
In addition to these cases, there were five other cases
where the labeled ectodermal sector included not only the
region posterior to the tentacles but also the tentacles and
trunk anterior to the tentacles. In four of these cases, the
FIG. 7. DIC images of a 7- to 8-day actinotroch larvae from embryos where a single cell was injected with biotinylated dextran lineage
tracer at the 16-cell stage. All images are at the same magnification; the bar in (A) indicates 50 m. (A) Right lateral view. The apical organ
(ao) and anterior external ectoderm of the preoral hood are labeled. The primary nerve (pn) from the apical organ that runs around the edge
of the hood and the branch of this nerve that innervates the trunk (act) are also labeled. (B) Right lateral view. The apical organ and the dorsal
ectoderm behind it are labeled. The primary nerve (pn) that extends from the apical organ around the hood margin is labeled on both the
left and right sides of the hood and the branches of this nerve that innervate the trunk (act) are also labeled. (C) Ventral view. Labeled
ectoderm on the right ventral surface extends from inside the most posterior tentacle to the mouth. Note the labeling of the circular (cm)
and radial (rm) muscles on the right side of the oral hood. The left and right trunk nerves (tn) are both labeled on the ventral surface where
they extend from the mouth to the tentacles. (D) Ventral view. Ectoderm is labeled on the ventral surface and extends from just above the
tentacles past the mouth and terminates on the inside of the preoral hood. Both the accessory nerve of the hood (ac) and both of the trunk
nerves (tn) are labeled. (E) Right dorsal–lateral view. The posterior ectoderm and part of the intestine are labeled. Peripheral nerve cell bodies
(ncb) the trunk nerve (tn) and mesenchyme or muscle cells associated with the tentacles are labeled. (F, G) Dorsal and right lateral views
of the same larva. The posterior end of the animal including ectoderm, part of the intestine and the right posterior tentacle are labeled. Note
the labeled body wall muscle (bwm) of the trunk, stained mesenchymal cells and nerve cell bodies in the trunk. There are also some labeled
muscle cells in the preoral hood. (H) Right lateral view of a compressed actinotroch. The anterior gut and the posterior ectoderm of the right
tentacle are labeled. Body wall muscle (bwm), trunk nerves (tn), and accessory nerves (ac) of the preoral hood are labeled.
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labeled ectodermal sector formed all or part of the intestine
and labeled mesodermal and nerve cells were present in the
trunk. One of these cases is shown in Figs. 7F and 7G. In the
remaining case, the labeled ectodermal region did not make
contact with the intestine and no labeled mesodermal or
nerve cells were present in the trunk.
We expected to see a labeled nerve ring around the anus;
this was not observed. We also expected to see labeled
nephridia; these were not observed. We suspect that if
labeled nephridia were present they might have been ob-
scured by the large sector of labeled ectodermal cells in the
posterior region of the larva.
Does Endoderm Have the Ability to Transform
into Mesoderm and Nerve Cells?
There are only two cases where label was present only in
the gut of the larva (Fig. 5D). In one of these cases, the
labeled sector is small. In these two cases, there were no
labeled mesodermal and nerve cells found in other regions
of the larvae. There are also two additional cases where all
or part of the gut is labeled and there is a tentacular region
that is not connected to the gut that is also labeled. Cases
where two regions have label that are not connected are
rare; they suggest that either two cells were labeled at the
same time that were some distance apart (we should have
seen this during injection) or that one cell was labeled and
the shearing of the labeled epithelial clone as it was
deformed during gastrulation caused this domain of cells to
separate. Both of these cases have formed muscle cells at
the junction between the ventral ectoderm and the gut (Fig.
7H). One of these cases also formed a nerve cell. These
examples show that endodermal cells can form mesodermal
and nerve cells because neither of these cell types was
present when ectodermal clones in this region were iso-
lated. The muscles at the junction between the ventral
ectoderm and the gut do not always originate from the
endoderm because (1) there are cases where gut is labeled
and these labeled muscle cells do not form, and (2) labeled
muscle cells can form under conditions where the
endoderm is not labeled but the ectoderm near the mouth is
(Fig. 7H).
DISCUSSION
Prior to this work, it was generally accepted that meso-
derm originated exclusively from endoderm during gastru-
lation in the Phoronida. While some investigators felt that
the bulk of the mesoderm originated from the endoderm at
the edges of the blastopore (Brooks and Cowles, 1905;
Zimmer, 1964; Freeman, 1991), no significance was at-
tached to this observation. The marking experiments re-
ported here show that blastomere lineages that give rise to
mesoderm and nerve cells are not established during the
early cleavage program (4th cleavage), but normally form at
the ectoderm–endoderm boundary and that these cell types
can form from either the ectoderm or the endoderm. In
Phoronis, this boundary exists both at the blastopore
(mouth) and at the site of the gut–intestine. When Malak-
hov and Temereva (1999) described mesoderm formation at
the gut–intestine boundary, they tacitly assumed that the
intestine was an endodermal derivative. Because our study
places the site of mesoderm and nerve cell formation at
both of these boundaries, it suggests that the ectodermal–
endodermal boundary may play a causal role in the genera-
tion of both of these cell types.
It is possible that intrinsic differences in these two germ
layers set up a local signaling system when they are
juxtaposed. The signal, which could be thought of as a
morphogen, would have the effect of changing the behavior
of cells on each side of the boundary, causing them to
differentiate into mesodermal and nerve cells. The data on
the formation of nerve and mesodermal cells when a labeled
ectodermal clone is located at different distances from the
mouth suggest that nerve cells can form when the labeled
clone is further away from the mouth, while mesodermal
cells only form when the labeled clone is close to the
mouth. Nerve cells may be specified when the concentra-
tion of morphogen is lower, which would most probably be
further away from the ectoderm–endoderm interface. This
kind of a scenario suggests that, if the gut made contact
with trunk ectoderm at an ectopic location at an appropri-
ate time during embryogenesis, then mesoderm and nerve
cells would be induced. The inability of dorsal and lateral
trunk ectoderm to serve as a site for mesodermal and nerve
cell formation may reflect the lack of endodermal contact,
not an intrinsic difference in this population of ectodermal
cells. Signaling systems that play a role in generating new
cell types in the vicinity of epithelial boundaries have been
described in molecular detail in a number of developmental
systems (Lawrence and Struhl, 1996).
In most groups of animals, the bulk of the mesoderm
originates from the endoderm; however, there is a second-
ary pathway for mesoderm formation in many groups of
animals where mesoderm also originates from ectoderm
(Rodaway and Patient, 2001). Molecular phylogenetic stud-
ies based on the small subunit of rDNA place phoronids
within the Lophotrochozoan superphylum (Halanych et al.,
1995). There are two major groups, the lophophorates and
the spiralians, that make up this subphylum. Cell-lineage
studies on forms with spiral cleavage, such as mollusks,
nemertines, and polyclads, have shown that mesoderm is
generated by both endodermal and ectodermal sources
(Render, 1997; Henry and Martindale, 1998; Boyer et al.,
1998). Even though mesoderm is generated from ectoderm
in these groups, essentially nothing is known about the
process of mesoderm segregation. In spiralians, the mesen-
toblast (a cell that produces endoderm) is considered the
primary mesoderm-producing cell; mesoderm is segregated
from this cell during early cleavage (Wilson, 1898). This
study shows that, in phoronids, the ectoderm in the vicinity
of the endoderm, is probably the major source of mesoderm
and that it forms during later development. Molecular
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phylogenetic studies indicate that the Phoronida are nested
in the phylum Brachiopoda (Halanych et al., 1995, Cohen,
2000). Descriptive studies of gastrulation in rhychonelli-
form brachiopods (Hemithyris, Terebratulina, Terebratalia)
have all derived mesoderm from endoderm (Long and
Stricker, 1991; Luter, 2000). These brachiopods gastrulate
the same way that phoronids do (Long and Stricker, 1991;
Freeman, 1993). We suspect that in these animals meso-
derm formation may take place from the ectoderm in the
same way it does in phoronids.
Lacalli (1990) argued that all of the nerve cell bodies in
the larva originate from the apical organ. Hay-Schmidt’s
(1990) observations that nerves appear in the trunk before
processes from the preoral hood have entered this region
suggest that nerve cells can originate locally; however, his
observations could be explained if nerve cell bodies from
the preoral hood migrated into the trunk and formed
processes and then acquired the appropriate type of anti-
body staining. The observation that there are labeled nerves
in the trunk under conditions where the only sector of
labeled cells also resides in the trunk provides definitive
evidence that nerve cells can originate from the trunk.
Studies on the genesis of the different ganglia that make up
the nervous system of gastropod molluscs show that these
cells originate at various times during development from
ectoderm in different regions of the postgastrula embryo
and larva (Jacob, 1984). These observations compliment
Hay-Schmidt’s (1990) conclusions that nerve cells have
multiple ectodermal origins in phoronids. Jacob states that
other cell types in addition to nerve cells originate at these
ectodermal sites; however, she is not sure about the subse-
quent identities that these cells will assume. They may be
mesodermal derivatives. One of the other problems associ-
ated with her paper is that the tissues in the vicinity of the
ectodermal proliferative loci, where nerve cells originate,
are not identified; this makes it difficult to speculate about
the environmental factors that might have led to the
formation of these nerve cells.
The germ layer that the intestine originates from was
established by examining the conditions under which it
was labeled. There were a number of cases where the
intestine was labeled and the adjacent posterior ectoderm
was labeled but the gut was unlabeled. The endodermal
portion of the gut remains a blind sac for some time (Fig.
5A) so the invaginating intestine is clearly an ectodermal
derivative.
This study has provided a view of the origins of the
mesoderm and the intestine, which is at odds in many ways
with the traditional views on the origins of germ layers, cell
types, and organs in these animals. While an enormous
amount has been learned via descriptive embryological
studies, this approach has its limitations, especially in
forms where it is difficult to visualize morphogenetic
events. Fate-mapping studies are a necessary adjunct to
descriptive work.
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